second allele, exceeding 1140 GAAs in the early passage (p6), cannot be detected in further passages due to technical limits of the PCR method. Contributions of infrequent contractions are exaggerated by the significant advantage for PCR amplification of fragments containing shorter GAA tracts. (C, D) Flow cytometry analysis using propidium iodide DNA staining of control and FRDA iPSCs revealed no statistically significant differences in cell cycle profiles between the iPSC lines. The fraction of cells in S phase varied from 33.5 -39.1%. In FRDA iPSCs the replication fork direction is switched due to the activation of replication origins in close proximity of the GAA repeats (downstream, red bubbles). Replication forks progressing from the 5'-3' direction as seen in unaffected cells rarely reach the repeats in FRDA cells because these replication forks initiate from replication origins (black bubbles) located farther away from the repeats than the newly activated downstream origins in the FXN gene. These results confirm findings from plasmid-based experiments, where a switch in the replication fork direction caused an increase in repeat expansion events.
SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Cell culture
Human control and FRDA iPSCs as well as H9 (WA09) and H14 (WA14) hESCs were grown on mouse embryo fibroblasts plated at a density of 11,500-13,500 cells/cm2 (GlobalStem, Inc.). Cultures were fed daily with hESCs media composed of Dulbecco's modified Eagle medium (DMEM)/F12 (11330-032; Gibco), 20% knockout serum replacement (10828-028; Gibco), 3.5 mM glutamine (25030-081; Life Technologies), 0.1 mM MEM non-essential amino acids (NEAA) (11140-050; Gibco), 55 mM 2-mercaptoethanol (21985-023; Life Technologies), and 6 ng/mL fibroblast growth factor 2 (FGF2) (R&D Systems). The last passage before the experiments, pluripotent cells were grown on Matrigel (BD Biosciences) in conditioned medium or in mTeSR1 (Stem Cell Technologies). Cells were dissociated with Dispase (1 mg/ml; Worthington) before transfer onto Matrigel. The iPSCs and hESCs were dissociated into a single-cell suspension with Accutase for 40 min (Innovative Cell Technologies, San Diego, CA) and counted before each experiment.
For differentiation, hESCs were lifted with Dispase (1 mg/ml; Worthington) and plated in ultralow attachment dishes and hESC media without FGF2. Cells were then differentiated to neural stem cells as described previously (Elkabetz et al., 2008) . Every 2 days the media was changed. Cells were dissociated into a single-cell suspension with trypsin for 15 min and counted before experiments.
Reprogramming and characterization of control and FRDA iPSCs, including expression of pluripotency markers, karyotyping and in vitro differentiation, was conducted as described in (Li et al., 2015) . Additionally, prior to SMARD analyses, expression of pluripotency markers and cell cycle status were determined using flow cytometry.
The polyamide FA1 was added to iPSC culture media (2 µM final) 3 d prior to SMARD labeling, and was kept at 2µM during the 8 h labeling period. Aphidicolin was added to iPSC culture media (0.8 µM final) 5 h prior to SMARD labeling, and was kept at 0.8 µM during the 8 h labeling period.
Flow cytometry
The antibodies used for flow cytometry are commercially available: SSEA-3 (BD Biosciences, No. 561145), SSEA-4 (BD Biosciences), OCT3/4 (Santa Cruz Biotechnologies), SOX2 (Abcam), PAX6 (DSHB), PLZF (Calbiochem, San Diego, CA), TRA1-60 (BD Biosciences).
The cells were dissociated with Accutase for 40 min, washed with PBS, and then counted before a second centrifugation. One million cells were resuspended in PBS with 0.1% bovine serum albumin (BSA) containing the recommended amount of antibody. Cells were incubated in the dark on ice for 1 h before being washed 3 times with PBS. Washed cells were resuspended a final time in PBS with 0.1% BSA before analysis on a FACSAria (BD Biosciences). Cell cycle analysis was conducted using propidium iodide staining. Cells were centrifuged and washed twice with cold PBS. While vortexing to dissociate cells, 1.5 mL cold PBS was added followed by dropwise addition of 3.5 mL 100% ice cold ethanol (final concentration 70% ethanol). Cell suspensions were left at -20 o C overnight. The next day, cells were centrifuged, washed with cold PBS, and then re-pelleted. After removing the supernatant, the cells were resuspended in propidium iodide buffer (20 µg/ml RNase A, 10 µg/ml propidium iodide in PBS) and passed through a cell strainer (352235, Becton Dickinson) before analysis on a BD LSRFortessa instrument (BD Biosciences).
Single-molecule analysis of replicated DNA (SMARD)
The cells were grown at 37°C for 4 h in the presence of 25 µM 5-iodo-2′-deoxyuridine (SigmaAldrich, St. Louis, MO). After washing cells with phosphate buffered saline (PBS), hESCs medium with 25 µM 5-chloro-2′-deoxyuridine (Sigma-Aldrich, St. Louis, MO) was added to the cultures, and the cells were incubated for an additional 4 h. The cells were lifted with Accutase or Trypsin. Following centrifugation, the cells were resuspended at 3 × 10 7 cells per ml in PBS. Melted 1% InCert agarose (Lonza Rockland, Inc., Rockland, ME) in PBS was added to an equal volume of cells at 42°C. The cell suspension was pipetted into a chilled plastic mold with 0.5-by 0.2-cm wells with a depth of 0.9 cm for preparing DNA gel plugs. The gel plugs were allowed to solidify on ice for 30 min. Cells were lysed in buffer containing 1% n-lauroylsarcosine (SigmaAldrich), 0.5 M EDTA, and 20 mg/ml proteinase K. The gel plugs remained at 50°C for 64 h and were treated with 20 mg/ml proteinase K (Roche Diagnostics), every 24 h. Gel plugs were then rinsed several times with Tris-EDTA (TE) and once with phenylmethanesulfonyl fluoride (Sigma-Aldrich). The plugs were washed with 10 mM MgCl 2 and 10 mM Tris-HCl (pH 8.0). The genomic DNA in the gel plugs was digested with 40 units of PmeI (New England BioLabs Inc.) at 50°C overnight. The digested gel plugs were rinsed with TE and cast into a 0.7% SeaPlaque GTG agarose gel (Lonza Rockland, Inc.). A gel lambda ladder PFG marker and yeast chromosome PFG marker (both from New England BioLabs, Inc.) were cast next to the gel plugs. A Southern transfer was performed to determine the location of the DNA fragment on the gel. The region of the gel containing the segment of interest was excised and set aside, while the rest of the DNA (which includes the chromosome ladders) was transferred to a membrane (Hybond-XL) and hybridized with a probe located near the GAA repeats (described above). Autoradiography was used to determine the location of the appropriate DNA segment. Gel slices from the appropriate positions in the pulsed-field electrophoresis gel were cut and melted at 72°C for 20 min. GELase enzyme (Epicentre Biotechnologies 1 unit per 50 µl of agarose suspension) was carefully added to digest the agarose and incubated at 45°C for a minimum of 2 h. The resulting DNA solutions were stretched on 3-aminopropyltriethoxysilane (Sigma-Aldrich)-coated glass slides. The DNA was pipetted along one side of a coverslip that had been placed on top of a silane-treated glass slide and allowed to enter by capillary action. The DNA was denatured with sodium hydroxide in ethanol and then fixed with glutaraldehyde.
The slides were hybridized overnight with a biotinylated probe (the blue bars diagrammed on the maps indicate the positions of the probes used). The following day, the slides were rinsed in 2× SSC (1× SSC is 0.15 M NaCl plus 0.015 M sodium citrate) 1% SDS and washed in 40% formamide solution containing 2 × SSC at 45°C for 5 min and rinsed in 2 × SSC-0.1% IGEPAL CA-630. Following several detergent rinses (4 times in 4× SSC-0.1% IGEPAL CA-630), the slides were blocked with 1% BSA for at least 20 min and treated with Avidin Alexa Fluor 350 (Invitrogen Molecular Probes) for 20 min. The slides were rinsed with PBS containing 0.03% IGEPAL CA-630, treated with biotinylated anti-avidin D (Vector Laboratories) for 20 min, and rinsed again. The slides were then treated with Avidin Alexa Fluor 350 for 20 min and rinsed again, as in the previous step. The slides were incubated with the IdU antibody, a mouse anti-
